Arsenic is known to be an extremely toxic element which may cause serious hazards to health and the environment.
The development of novel selective separation methods for arsenic will contribute to a preconcentration procedure in trace analysis as well as to suppress the leakage of arsenic into the natural environment. Solvent extraction has been widely used in fields to separate both organic and inorganic solutes due to its high selectivity and process flexibility.
Inorganic arsenic acts as oxo-anions in an aqueous solution; 3+ and 5+ are the most predominant oxidation states of the element. The conjugate acids of As(III) and As(V) are expressed as H3AsO3 and H3AsO4, respectively. A trivalent arsenic anion (H2AsO3 -) has been favorably extracted to an organic phase using dithiocarbamates, 4-9 dithiols 10 or inorganic acids of high concentration, [11] [12] [13] whereas these reagents showed rather poor extractability for pentavalent arsenic. Therefore, arsenic(V) is often reduced to arsenic(III), [14] [15] [16] or converted to the heteropolyacids [17] [18] [19] or the catechol complex, 20 prior to extraction.
On the other hand, H2AsO4 -was preferably adsorbed onto a wide variety of solid inorganic materials and, hence, has been comprehensively used to separate arsenic from dilute solutions. Especially, hydrous metal oxides of iron(III), [21] [22] zirconium(IV), [23] [24] titanium(IV), 25 aluminum(III) 25 and rare earth elements(III), 26 etc. have been examined as selective adsorbents of arsenic(V) ion. However, since hydrous metal oxides are generally obtained as fine powders or gels, their handling is often difficult.
The present research was aimed to combine the selective adsorption property of metal oxides with the solvent-extraction process in order to realize an efficient separation system of arsenic(V). Thus, ultrafine iron oxide (magnetite, Fe3O4) particles dispersed in an organic solvent were selected as an organic phase of the extraction system. The effect of an additive to stabilize the system and the interference from coexisting elements were also examined.
Experimental

Apparatus
The concentrations of metallic elements were determined by a SEIKO-ICP atomic emission spectrophotometer (ICP-AES), Model SPS-1500R. A shaking machine (Yamato SA-31) and a centrifuge (Kubota KC-70) were used for solvent extraction. The pH value was measured by a digital pH meter (DKK-TOA AUT-301). The surface of magnetite particles was observed by an X-ray photoelectron spectroscope (XPS); ULVAC-PHI 5600.
Reagents
A magnetic fluid was used as a source of dispersed ultrafine particles of iron oxide, which contained colloidal magnetite and oleic acid as a surfactant. An organic phase of extraction was prepared by diluting the commercial product (Taiho Industries Co., Ltd., HC-50) with heptane. The iron content was measured by extracting iron into 6 M (M = mol dm -3 ) HCl, followed by ICP-AES analysis. The oleic acid concentration in the magnetic fluid was determined by pH titration with NaOH in ethanol after the removal of magnetite. The properties of HC-50 used were as follows: magnetite content, 580 g/dm 3 ; oleic acid, 0.34 M; mean particle diameter, 10 nm; density, 1.39 ± 0.02 at 25˚C; The solvent extraction of arsenic(V) was investigated using heptane containing ultrafine magnetite particles and hydrophobic ammonium salt. Arsenic(V) was favorably extracted from aqueous solutions of pH ranging over 2 -7, where the distribution ratio (10 3 ) was independent of the pH. Although the addition of alkyl ammonium salt improved the phase separation, no notable influence was observed on the extraction of arsenic(V). Oleic acid suppressed the distribution ratio of arsenic(V) when the concentration exceeded 10 -2 M. Sulfate did not interfere with the extraction, while the presence of more than 10 -3 M phosphate decreased the distribution ratio. Metal cations including calcium(II), manganese(II), cobalt(II), nickel(II), copper(II), zinc(II) and lanthanum(III) did not give any serious interference up to the 10 -4 M level. According to equilibrium and kinetic studies, the extraction of arsenic(V) can be interpreted by the adsorption of H2AsO4 -onto the surface of dispersed magnetite particles. The relationship between the amount of arsenic(V) extracted in the organic phase and that remaining in an aqueous phase followed a Langmuir-type equilibrium equation. The maximum uptake capacity was determined to be 4.8 × 10 -4 mol/g-magnetite (36 mg As/g). The arsenic(V) extracted in the organic phase was quantitatively recovered by back-extraction with an alkaline solution. A stock solution of arsenic was prepared by dissolving arsenic(III) oxide (As2O3, Kojundo Chemical Laboratory Co. Ltd., 99.999%) into an aqueous solution. The oxide (0.5 g) was mixed with 2 cm 3 of 1 M NaOH and stirred overnight at room temperature. An excess amount of hydrogen peroxide was added, heated until dryness, followed by dissolution with diluted hydrochloric acid.
Trioctylmethylammonium chloride (TOMAC, > 85%, Dojindo Laboratories) and oleic acid (90%, Aldrich Chemical Company Inc.) were used as additives in an organic phase.
The pH values were controlled by buffer solutions of 2-morpholinoethanesulfonic acid (MES, pKa = 6.15), 3-morpholinopropanesulfonic acid (MOPS, pKa = 7.20), N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS), pKa = 8.4), N-cyclohexyl-2-aminoethanesulfonic acid (CHES, pKa = 9.5) and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS, pKa = 10.40) (Dojindo Laboratories). 27, 28 Inorganic acids and heptane were of analytical grade, and the other chemicals were of guaranteed grade.
Solvent extraction
An aqueous solution containing 1.0 × 10 -4 M arsenic(V), adjusted to the desired pH, and heptane containing iron oxide were shaken in a centrifuge tube at room temperature. After centrifuging, an aliquot of an aqueous phase was taken out for an ICP measurement. The ionic concentration was adjusted to 0.1 M with sodium chloride, except when the acid or alkaline concentration was more than 0.1 M. The distribution ratio (D) was obtained as the ratio of the concentration of arsenic between the organic and aqueous phases.
Results and Discussion
The extraction system consisted of an organic solution containing ultrafine magnetite and oleic acid, and a buffered aqueous solution of arsenic(V). When heptane containing 0.58 g/dm 3 magnetite and 3.4 × 10 -3 M of oleic acid was shaken with a buffered aqueous solution at pH 6, phase separation was insufficient. Oleic acid was thought to be responsible for the poor phase separation. The addition of 0.01 M TOMAC in the organic phase considerably improved the phase separation. The quaternary ammonium salts are known to associate with oleic acid, 29 and seem to be effective to suppress the phase activity.
Characterization of magnetite particles
The magnetite particles were analyzed by XPS in order to obtain information about the oxidation states of the solid surface. The particles were precipitated by acetone, separated by a Teflon membrane filter and dried in vacuo before the measurement. The derived spectrum of Fe(2p) was quite similar to that of hematite (Fe2O3), which suggested that the iron atoms on the surface were in the trivalent state.
An organic solution containing 5.8 g/dm 3 of magnetite was contacted with a 10 -4 M arsenic(V) solution for 8 days. Magnetite particles were recovered as described above, and analyzed by XPS. Arsenic was detected on the surface of particles as the pentavalent state, which indicated that arsenic(V) was adsorbed on magnetite in the organic phase. Chloride anion was also detected on the particles.
Extraction rate of arsenic(V)
The time course of the arsenic concentration change in an aqueous phase (pH 4.6 and 6.0) was followed by taking sample at appropriate intervals. As typically shown in Fig. 1 , the arsenic concentration gradually decreased and reached a constant value within 6 days. Therefore, the shaking time of solvent extraction was fixed at 6 d throughout the present experiments. A similar time dependency of the concentration was observed on the adsorption of arsenic(V) onto the particles of magnetite. This suggests that the adsorption of arsenic(V) on magnetite is the rate-determining step in the extraction.
Effect of the pH
The relationship between log D and the pH of an aqueous phase is shown in Fig. 2 . Arsenic(V) was quantitatively extracted from an acidic solution to the organic phase (log ≈ 3.0) in the pH range from 2 to 7, where the extractability was almost independent of the acidity. This feature enables the effective extraction of arsenic(V) from a wide pH range without the addition of specific chemicals in the aqueous phase.
In an aqueous phase, arsenic(V) exists as oxo-acid, i.e., HnAsO4
-(3-n) (n = 0 -3), and the acid dissociation constants of arsenic acid are 2.24 (pKa,1), 6.96 (pKa,2) and 11.50 (pKa,3). 30 In Fig. 2 , the distribution ratio of arsenic(V) decreases along with an increase of the pH at above 7, where the second proton of arsenic acid begins to dissociate.
Since arsenic(V) is 794 ANALYTICAL SCIENCES JULY 2002, VOL. 18 predominantly present as a monoanion, in pH 2 -7, H2AsO4 -is considered to be the extraction species. Therefore, the extraction equilibrium was expected as follows:
where Kex is the equilibrium constant, magnetite·(HR)n is the magnetite particle solvated by oleic acid, and subscript o shows the species in an organic phase. (Cl -)o is the chloride present on magnetite, which can be released to the aqueous phase to maintain the neutrality of the organic phase. Iron oxide is known to show an amphoteric acid-base property in an aqueous solution, depending on the surface charge, which is controlled by the pH. 31 Since the pH dependency is not significant in the acidic region, H + or OH -are unlikely to contribute to the extraction in this pH range.
In the pH region higher than 7, where HAsO4 2-is the predominant species, the distribution ratio can be given as
Then, Eq. (2) becomes
Thus, the slope of -1 in Fig. 2 would be mainly attributed to the dissociation of H2AsO4 -. After shaking, the iron concentration in the aqueous phase was monitored in order to estimate the durability of magnetite particles. Although the iron concentration at pH 2.7 reached 2.7 × 10 -4 M (1.5 × 10 -2 g/dm 3 ), the concentration level decreased with an increase of the pH, and became less than 10 -6 M (5.6 × 10 -5 g/dm 3 ) at pH > 5. Thus, the dissolution of magnetite particles can be prevented by choosing an appropriate pH of the aqueous phase.
[H2AsO4 -·magnetite·(HR)n]o[Cl -] -----------------[H2AsO4 -][magnetite·(HR)n]o[Cl -]o
Effect of magnetite
The dependency of the D value on the magnetite content in an organic phase was measured. Since magnetite particles contain chloride on the surface, the amount of adsorbed chloride is expected to be proportional to that of magnetite, i.e., 
Equation (5) predicts that plots of log D against magnetite concentration give a straight line having slope of 2. Figure 3 shows log D vs. log[Fe3O4]o profiles for the extraction of arsenic(V). Linear plots with a slope of 2.1 were derived, which is in good agreement with the estimation derived from Eq. (5).
Effect of TOMAC
Extraction was examined by changing the concentration of TOMAC in an organic phase; the result is given in Fig. 4 . Phase separation was insufficient at concentrations lower than 10 -3 M, and the log D values were not reproducible. With the presence of TOMAC at over 10 -3 M, the aqueous phase was clear after shaking. Therefore, hydrophobic ammonium salt seems to be effective to stabilize the extraction system.
Since the distribution ratio did not depend on the concentration of TOMAC, the ammonium cation is unlikely to be involved in the extraction of arsenic(V). TOMAC without magnetite showed low extractability for arsenic(V): log D < -1. 
Effect of oleic acid
The magnetic fluid generally contains oleic acid as a surfactant in order to stabilize the colloidal magnetite. The influence of oleic acid on the distribution of arsenic(V) was examined, as shown in Fig. 5 . At concentrations lower than 10 -2 M, the D value was constant, while it decreased at the higher concentration region. The result exhibits that the presence of oleic acid at values higher than 10 -2 M interferes with the extraction of arsenic(V), presumably due to competitive 795 ANALYTICAL SCIENCES JULY 2002, VOL. 18 adsorption on magnetite particles. The extraction equilibrium would be expressed as follows:
When the magnetite content in an organic phase is constant, log D can be expressed as follows:
The slope of -2 in Fig. 5 suggests that two oleic acid molecules can be exchanged with one arsenic anion.
Interferences
In order to estimate the interference from coexisting elements, the extraction of arsenic(V) was examined in the presence of foreign ions. Figure 6 shows the distribution ratio of arsenic(V) as a function of the concentration of sulfate and phosphate ions. Sulfate did not interfere with the distribution of arsenic(V) at concentrations less than 0.4 M. However, the presence of phosphate significantly interfered with the extraction of arsenic(V) at over 10 -3 M at pH 6.9, presumably due to the similarity of arsenate and phosphate with regard to the affinity to magnetite. 32 The slope of nearly -1 suggests that the exchange of arsenate and phosphate takes place with a 1:1 stoichiometric ratio.
The interference of diverse metal cations (10 -4 M) was examined, as summarized in Table 1 . No notable change in the distribution ratio of arsenic(V) was observed by the presence of metals of the same concentration level with arsenic(V). In the case of copper(II) and zinc(II), the D value was slightly lower, presumably due to the stronger interaction of these ions with arsenate. Strong interactions of these metals with arsenic are rationalized with the smaller solubility products (Ksp) of metal arsenate: 7.93 × 10 -36 for Cu3(AsO4)2 and 3.12 × 10 -28 for Zn3(AsO4)2. 33 The distribution of coexisting metals was found to be much lower than that of arsenic(V); therefore, arsenic(V) would be selectively separated by this extraction system. Among the metals examined, the log D value of copper(II) was relatively higher, since it can be extracted with aliphatic carboxylic acid, 34 like oleic acid. Because such extraction depends on the pH, the D values could be lowered by applying more acidic conditions. For example, an aqueous solution at around pH 3 could suppress the copper(II) extraction and attain the quantitative extraction of arsenic(V).
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Adsorption capacity of arsenic(V)
In order to interpret the adsorption mechanism of arsenic(V), a more detailed equilibrium study was carried out. Figure 7 shows the equilibrium concentration in an organic phase plotted against that in an aqueous phase. The arsenic(V) concentration in the organic phase approached a constant value with increasing arsenic(V) concentration in the aqueous phase. This trend suggests that the adsorption of arsenic(V) on magnetite particles follow a Langmuir-type equilibrium equation, 35 given by
where C (M) and Q (mol/g) are the equilibrium concentrations of arsenic(V) in the aqueous and solid phases, respectively. Qmax (mol/g) is the maximum amount of the adsorption, and K (dm 3 /mol) is the Langmuir constant. When the magnetite content in the organic phase is kept constant, Q and Qmax are proportional to the arsenic(V) concentration and the extraction capacity in organic phase, respectively: Q = f·Co and Qmax = f·Co,max.
When the magnetite content is 5.8 g/dm 3 , the constant factor ( f ) is equal to 0.17. From Eqs. (8) and (9),
As can be seen in Fig. 8 , a fairly linear relationship between C/Co and C was obtained. The result proves that the reaction followed the Langmuir adsorption equation, and that the adsorption of arsenic(V) took place on the particles present in the organic phase. Because Co,max was determined to be 2.8 × 10 -3 M, the Qmax value was estimated to be 4.8 × 10 -4 mol/gmagnetite (36 mg As/g) from Eq. (8). This capacity was higher than the reported value for granulated Fe(OH)3 (4 -8 mg/g) 36 and goethite (3 -4 mg/g), 21 probably due to the small diameter and larger surface area of the ultrafine particles. On the other hand, the value was lower than the capacity of ferrihydrite (285 mg/g), 22 which suggests that adsorption is effective only on the surface of the particles.
Recovery of arsenic(V)
The recovery of arsenic(V) from the organic phase was examined by using 1 M of a sodium hydroxide solution, since the distribution ratio is very low in a highly alkaline solution, as shown in Fig. 2 . The time course of the back-extraction is exhibited in Fig. 9 . Ninety three percents of the arsenic was recovered within 24 h, and 99% was recovered after ten days.
From the results described above, the extraction system using dispersed iron oxide is promising for the selective separation of arsenic(V) ion from an aqueous solution. The high D value for a wide range of pH values enables the capture of arsenic(V) with a high enrichment factor. This separation system is expected to be applicable by conjunction with various instrumental techniques. 
